This paper investigates the properties of biomass-burning aerosols over West Africa using data from the UK FAAM aircraft during the Dust and Biomass Experiment (DABEX). Aged biomass-burning aerosols were widespread across the region; often at altitudes up to 4km. Fresh biomass-burning aerosols were observed at low altitudes by flying through smoke plumes from agricultural fires. The aircraft measured aerosol size distributions, optical properties, and vertical distributions. Single scattering albedo varied from 0.73 -0.94 (at 0.55µm) in biomass-burning aerosol layers. Mixing of biomass-burning aerosol with mineral dust increased single scattering albedos. After removing this bias, the mean single scattering albedo was 0.81 +/-0.08 for both fresh and aged biomass-burning aerosols. Fresh biomass-burning aerosols were composed of fine particles with most radii smaller than 0.1µm. Due to coagulation, aged biomass-burning aerosol had more intermediate sized particles, of radius 0.1 -0.2µm. Log-normals are used to approximate the size distributions. Extinction coefficients, asymmetry parameters and angstrom exponents are calculated from Mie theory, using the lognormal size distributions and suitable refractive indices.
Introduction
Biomass burning aerosols influence the radiation budget of the earth and atmosphere by scattering and absorbing solar radiation (e.g. Haywood and Boucher, 2001; Haywood et al, 2003a; Myhre et al, 2003) . These aerosols can either warm or cool the climate, depending on much absorption occurs. In addition, scattering and absorption by aerosols reduces the solar radiative flux at the surface. This limits surface evaporation and surface heat fluxes, and may modify large-scale atmospheric circulations. For example, Chung et al. (2002) link absorbing aerosols to changes in monsoon circulations over Southern Asia, leading to droughts and floods in different regions. Biomass burning aerosols are generated mainly by agricultural burning in tropical regions. Africa, the Amazon basin and southern Asia are major source regions.
The optical properties of biomass-burning aerosol vary regionally as chemical composition and size distributions change. In particular, black carbon content varies with vegetation density and fire intensity . Over time, biomass-burning aerosols grow by coagulation, condensation and other gas-to-particle exchanges. This increases the scattering coefficient and reduces the single scattering albedo , Abel et al. 2003 . Aircraft measurements play an important role in understanding aerosols and developing model parameterizations. Recent aircraft measurements of biomass-burning aerosols focussed on South America ) and Southern Africa (Haywood et al. 2003a ). The Sahel in North Africa is another major global source of biomass-burning aerosol, yet there have been few observations of biomass-burning aerosols over this region.
The Dust and Biomass Experiment (DABEX) was a major field campaign investigating the properties of biomass-burning aerosols over West Africa during January-February 2006. The FAAM bae-146 research aircraft was based at Niamey, Niger from 13th Jan -3rd Feb and made 13 research flights and measured aerosol and cloud properties, meteorological variables, and radiative fluxes. These aircraft measurements contributed to the African Monsoon Multidisciplinary Analysis (AMMA) dry season Special Observing Period (SOP-0) (Haywood et al. 2007, this issue) . During the dry season, agricultural burning is intense across the African Sahel. This created thick layers of biomass-burning aerosol that extended for thousands of kilometres across the continent.
Mineral dust aerosol was also present in high concentrations due to emissions from the Sahara dessert and arid parts of the Sahel.
The aim of DABEX was to provide measurements of biomass-burning aerosol and dust to aid development of model parameterizations and remote sensing techniques. A particular objective was to study the variability in aerosol optical properties, such as differences between fresh and aged biomass-burning aerosols. This paper presents aerosol size distributions, single scattering albedos and vertical distributions for fresh and aged biomassburning aerosol. Mie calculations are also used to derive extinction coefficients, asymmetry parameters and angstrom exponents. Back trajectory analyses show the origins of dust and biomass-burning aerosol layers.
Mineral dust properties are investigated in a companion paper (Osborne et al. 2007, this issue) . Aerosol optical depths and radiative forcings during DABEX will be explored in future papers.
Aircraft Instrumentation
The FAAM Bae-146 research aircraft contains a comprehensive suite of instruments measuring aerosol, cloud, chemical tracers, solar and terrestrial radiative fluxes and standard meteorological variables. Aerosol size distributions were measured by the Passive Cavity Aerosol Spectrometer Probe 100X (PCASP). This covers aerosols with radii in the range 0.05 -1.5µm. A TSI nephelometer measures aerosol scattering coefficients at wavelengths of 0.45, 0.55, and 0.7µm, which correspond to blue, green, and red coloured light, respectively. A Particle Soot Absorption Photometer measures the aerosol absorption coefficient at 0.567µm, inferred from loss of transmission of light through a filter.
Calibration of aerosol instruments
The PCASP is calibrated using latex spheres of known sizes. The refractive index of latex differs slightly from that of biomass-burning aerosols. This causes the PCASP to underestimate aerosol radius by a factor of 0.93 over the optically active part of the size-spectrum (0.1 -0.3µm) (Haywood et al. 2003a ). The nephelometer data was calibrated using Anderson and Ogren (1998) sub-micron corrections. These corrections compensate for the limited range of scattering angles (7 o -170 o ) detected by the nephelometer. The PSAP absorption coefficient was corrected for errors in filter exposure area, air-flow rate, the influence of scattering by aerosols collected on the filter, and multiple scattering within the filter following Bond et al. (1999) . A small adjustment was also made to convert the absorption coefficient from 0.567µmto 0.55µm-the central wavelength of the nephelometer.
For this correction we assume that absorption varies as the reciprocal of wavelength .
The nephelometer and PSAP have Rosemont inlets that are inefficient at admitting particles larger than about 1.5µm (Haywood et al. 2003b) . Coincidentally, this cut-off corresponds with the upper limit of the PCASP detection range meaning that particles greater than 1.5µmare excluded. As shown later, the optical properties of biomass-burning aerosols are dominated by much finer particles, in the region 0.05-0.3µm, so coarse particles can be excluded. The nephelometer and PCASP heat air in the instrument, which may lead to partial or complete evaporation of any water present within the aerosols. However, since the ambient relative humidity was very low most flights it is unlikely that the aerosols contained much water.
3 Aircraft measurement strategy DABEX involved 13 dedicated research flights of the FAAM aircraft between 13th January and 2nd February.
All flights started and ended at Niamey International Airport, Niger. Six flights went to the south to measure biomass burning emissions from the belt of fires around 8-12 o N (figure 1. Four flights near Niamey investigated aged biomass-burning layers and mixing between dust and aged biomass-burning aerosol. Additionally, three flights investigated plumes of Saharan dust over northeast Niger (see Osborne et al. 2007, this issue) . Flights involved profiles to investigate the vertical distribution of aerosols, and runs to sample aerosols at different altitudes.
4
3.1 Sampling fresh biomass-burning aerosol from individual smoke plumes To characterise the properties of fresh biomass-burning aerosols it was necessary to separate smoke plume penetrations from the background aerosol. As in Haywood et al. (2003) and Abel et al. (2003) , smoke plumes are defined by PCASP concentrations over 5000 cm −3 . This threshold is illustrated in figure 3 . Additionally, only plumes with 30 seconds or more of continuous data were included. This limited errors associated with instrument response time delays. Smoke plumes make up 16 minutes of data from the 5-hour time series. This should be a sufficient sample size to minimize sampling error.
Runs in layers of aged biomass-burning aerosol
Layers of aged biomass-burning aerosol were observed on every flight during DABEX, and were widespread across the DABEX region. Most flights sampled aged biomass-burning aerosols at a variety of altitudes. Figure   2 shows the locations of 40 aircraft runs dominated by aged biomass-burning aerosols. Aged biomass-burning aerosols were always mixed with mineral dust. The proportion of dust to biomass-burning aerosol however, was variable. Runs with a high proportion of dust have been screen out using a threshold fine-mode-fraction. The fine-mode-fraction in this study is defined as the fraction of extinction attributable to particles smaller than 0.3µmin radius. As shown later in section 4.1, there was a natural cut-off at 0.3µmbetween the biomass-burning and dust aerosol. Aerosol fine-mode-fractions are often used to interpret aerosol measurements, although the radius cut-off is conventionally 0.5µm. For example, Bellouin et al (2005) uses the fine-mode-fraction to separate optical depth from satellites into contributions associated with natural and anthropogenic aerosol. The angstrom exponent is also commonly used to interpret aerosol measurements. As shown in figure 5 , fine-mode-fraction and angstrom exponent correlate very well (correlation coefficient (R 2 ) of 0.957), so both are effective ways of characterising the aerosol. Figure 4 shows the average fine-mode-fraction for each aircraft run during DABEX, plotted against height.
The fine-mode fraction generally increases with altitude, as the proportion of dust declines. A threshold finemode-fraction of 65% is used to separate biomass-burning aerosols from dust, or dust and biomass-burning mixtures. A height threshold of 1.5km (5000ft) also separates elevated aged biomass-burning layers from lowlevel fresh biomass-burning aerosol. This height threshold corresponds approximately to the height of the atmospheric boundary layer. As a further measure, a threshold aerosol extinction coefficient of 0.03 km
excludes dilute aerosol layers. Runs shorter than 5 minutes are also excluded to minimise sampling error.
Following these criteria, 40 runs are selected to characterise aged biomass-burning aerosols. These are gathered from 11 different flights and make up approximately 9 hours of data.
Aerosol size distributions

Fresh biomass-burning aerosol size distributions
Figure 6a compares aerosol size distributions from smoke plumes and the background outside plumes. The smoke plumes have a much higher concentration of fine particles than the background. Coarse particle concentrations (radius < 0.3 micron) are also slightly higher in smoke plumes. This could either be from fly ash or from mineral dust, lifted by fire-driven convection. The size distributions are shown again in figure 6b, but normalised to give 6 equal amplitudes over the coarse size-range (r > 0.3µm). A mineral dust size distribution is also shown in figure 6b from two flights (B160 and B161) investigating dust over northeast Niger (see Osborne et al. 2007 for details).
The shapes of the size distributions are remarkably similar over the coarse size range (0.3 -1.5µm). This would suggest that all coarse particles are mineral dust from a common source, possibly the Bedele depression in Chad.
The fresh biomass-burning aerosols are mainly fine particles with radii of 0.05 to 0.3µmand form a separate component of the size distribution (figure 6b).
The smoke plume size distribution has been separated into two components: dust and fresh biomass-burning aerosol. The dust component has the size distribution of the mineral dust case shown in 6b. This assumes that dust size distributions do not vary between flights. This assumption may hold over the coarse part of the size spectrum, as shown in figure 6b. Fine-particle dust concentrations may vary between flights. However, the number of fine biomass-burning particles probably far outweighs the number of fine dust particles (figure 6b).
The fresh biomass-burning aerosol component is derived by subtracting the dust component from observed size distribution until there are no particles greater 0.3µmin size. This assumes that biomass-burning aerosols do not contribute to the size distribution beyond 0.3 µm. Past observations Hobbs 1998, Haywood et al. 2003a ) suggest this is a reasonable assumption.
The fresh biomass-burning aerosol component is shown in figure 7a and compared with SAFARI-2000 data.
The SAFARI data is from a large biomass-burning smoke plume, observed by the Met Office C-130 aircraft over Namibia on 13th September 2000 (Abel et al. 2003 , Haywood et al. 2003a . The dust concentration during SAFARI was an order of magnitude lower than in DABEX, so it was not necessary to separate SAFARI data into biomass-burning aerosol and dust components. The size distributions in figure For modelling applications, it is more convenient to represent aerosol size distributions by formulaic ex-pressions, such as a log-normal distribution, rather than using instrumental data. A log-normal distribution has been fitted to the DABEX fresh biomass-burning aerosol component, and is shown in figure 7a , compared against the instrumental data. The log-normal has a geometric mean radius of 0.08µmand a standard deviation of 1.4. (as listed in table 8). When deriving optical properties, it is important that model and instrumental data agree over the size range that contributes most to aerosol scattering and absorption. Most of the extinction comes from particles in the size range 0.07-0.25µm(figure 7b). The model fit captures the variation of extinction with particle size very well (7b). However, the volume or mass distribution may not be captured so well by the model fit. A different log-normal may be more accurate for the volume or mass distribution.
Aged biomass-burning aerosol size distributions
The mean size distribution of aged biomass-burning aerosols is shown in Figure 8 and contrasted against two individual runs, one that had fresher aerosol, and one that had more aged aerosol. Ageing is accompanied by a reduction of very fine particles (radius < 0.1 µm) and the growth of intermediate-sized particles (radius 0.1-0.2 µm). Coarse particle concentrations (r > 0.3 µm) are more variable, due to varying proportions of mineral dust.
The dust component of the size distribution was removed following the same method as outlined above for the fresh aerosols.
The mean aged biomass-burning aerosol component is very similar to the aged biomass-burning aerosol size distribution from SAFARI-2000 ( Figure 9a . The distributions are fairly flat over the size range 0.05 to 0.15 µm, then drop sharply from 0.2 to 0.3 µm. Figure 9a also shows the log-normal model that has been fitted to the DABEX aged biomass-burning data. This has two modes. The first mode has the same mean radius (0.08 µm) and standard deviation (1.4) as chosen for the fresh smoke-plume data, and represents the remaining fresh aerosols that have not yet coagulated. The second mode has a larger mean radius (0.14 µm) but a lower standard deviation (1.25) (as listed in Table 8 ) and represents particles resulting from coagulation.
Condensational growth is not evident; this would have led to a general shift of the size distribution to the right (towards larger sizes). Cloud processing is unlikely to have been important as low and mid-level clouds were 8 very sparse during DABEX. Figure 9b shows extinction size distribution of the aged biomass-burning aerosol component. The extinction is most strongly influenced by particles of radius 0.13 -0.2 µmassociated with the second mode of the log-normal model. This mode will therefore, becomes dominant in determining aerosol optical properties and the radiative forcing of the aerosol. The log-normal model fit captures the extinction curve well, indicating that it is an accurate representation of the observed size distribution, for optical purposes.
Observed single scattering albedo
Aerosol single scattering albedos have been calculated from the nephelometer scattering coefficient and PSAP absorption coefficient (see sections 2 and 2.1). However, these measurements reflect the optical properties of the dust and biomass-burning aerosol mixture, as shown:
Here ω is single scattering albedo, dust f rac and bb f rac denote the proportion of extinction from dust and biomass-burning aerosol. This assumes that dust and biomass-burning the only sources of aerosol, as expressed in equation 2. The single scattering albedo of the biomass-burning component can be inferred as follows:
Rearranging (1) gives:
The single scattering albedo of the dust is assumed to be 0.98 (see Osborne et al. 2007 , this issue). The proportion of extinction associated with dust is estimated by separating observed size distribution into dust and biomass-burning components, as described in section 4.1.
The fresh biomass-burning aerosol had a mean single scattering albedo (ω bb ) of 0.81 +/-0.08. This was estimated from data collected in smoke plumes, as described in section 3). The uncertainty (+/-0.08) stems largely from corrections applied to the nephelometer to compensate for scattering at angles outside the measured range. This correction becomes more uncertain with increasing concentrations of large aspherical dust particles, (Haywood et al. 2003a ) the imaginary part of the refract index was found to be 0.025i for fresh biomass-burning aerosol and 0.018i for aged biomass-burning aerosol. These refractive indices imply black carbon mass contents of 5-7%
for SAFARI and 10% black for DABEX. This assumes mass densities of 1.35g cm −3 for the biomass-burning aerosol and 1.7g m −3 for black carbon, refractive index of 1.75 + 0.44i for black carbon (WCP 1986) , and uses the Maxwell-Garnet rule (e.g. Chylek et al. 1988) to describe the internal mixing of the black carbon within the biomass-burning aerosol. Modellers should be cautious in adopting DABEX values for black carbon content or refractive index due to the large variability and uncertainty in observed single scattering albedo (see section 5). These quantities need to be better constrained with independent observations. Extinction coefficients, asymmetry parameters and angstrom exponents (table 8) are similar to values from SAFARI-2000 (Haywood et al 2003a) . This reflects similarity in observed biomass-burning aerosol size distributions between Southern Africa and the Sahel. Differences between fresh and aged aerosol optical properties result from the growth of intermediate sized particles (represented by log-normal mode 2), since a common refractive index of 1.54 + 0.035i has been used for both fresh and aged aerosol. In summary, the optical properties of fresh and aged aerosols were fairly similar during DABEX. It may therefore, be sufficient to assume aged properties for all biomass-burning aerosols when calculating regional radiative forcings.
7 Vertical distribution of aerosols
Elevated layers of biomass-burning aerosol -near Niamey
Elevated layers of aged biomass-burning aerosols were found near Niamey on every flight during DABEX, usually at altitudes of 1 -4km. An example is shown in Fig 11, (fig 11a) . The elevation of CO and PCASP concentrations however, is evidence of a small quantity of combustion-related fine particles that have mixed with the dust. These could biomass-burning aerosols from local fires, or urban or industrial aerosols from Niamey.
The elevated biomass-burning aerosol layer (1.5 -3km) corresponds to a weakly stratified layer, capped by a slight temperature at 3 -3.5km. This is probably the residual of a deep continental boundary layer that originated several hundred kilometres to the south and has been elevated and transported north by the mean atmospheric circulation. The residual continental boundary layer has been undercut by cooler, drier air, probably originating from the Sahara, to the north. The lower layer is a thermodynamically well mixed from the surface to 600m typical of a developing daytime boundary layer (the profile was made at 09:30 local time).
A stable layer from 600 to 1000m prevents mixing between the upper and lower layers, preserving a relative clear slot at 1km.
Dust and fresh smoke at low levels -south of Niamey
Over the intense biomass burning regions to the south of Niamey (6 -12 o N) the daytime boundary layer was often 2 -3km deep, and typically contained a mixture of dust and fresh or aged biomass-burning aerosol. and PCASP concentrations seem more variable than the nephelometer scattering (Fig 12a-c) . The peaks in CO and PCASP probably correspond to fresh smoke plumes intercepted during the profile. Because the fresh smoke is composed of fine optically inefficient particles (small scattering per particle), the interception of fresh smoke plumes are less prominent in the nephelometer profile (Fig 12a) .
The drop off in aerosol concentrations above 2km corresponds to a slight temperature inversion at 2km
accompanied by a slight increase in humidity around 2 -2.5km (Fig 12d) . The aerosol above 2km may be the residual of boundary layers from previous days. Alternatively, vigorous smoke plumes may have penetrated through the top of the boundary layer, due to additional buoyancy associated with heat from fires.
Tracing the origin of aerosols observed near Niamey
The Met Office dispersion model investigates the origin of aerosol layers by tracing air parcels back in time for 5 days. Ten thousands back trajectories are calculated using winds from meteorological analyses. Each trajectory is randomly perturbed at each time step to represent turbulent motion, resulting in a spread of trajectories. Figure 13 shows the origin of aerosol layers, observed on 19th Jan 2006, over Niamey, at altitudes of 0.5km and 2.5km. These correspond to the profile in figure 11 . The maps highlight regions where back trajectories are found within lowest 500m of the atmosphere (where smoke or dust is initially emitted). The 14 upper layer (2.5km), dominated by biomass-burning aerosol originated from the southwest. The lower aerosol layer, dominated by dust, originated from the north. These maps show that biomass-burning aerosol was from probably from northern Nigeria, since biomass-burning was intense over that region. The low-level dust is clearly from the Sahara.
Conclusions
The properties of fresh and aged biomass-burning aerosols are characterised using data from the FAAM aircraft over West Africa during DABEX (Jan-Feb 2006) . Aged biomass-burning aerosols were widespread and found at altitudes of 1.5 to 4km. Dust was typically observed below 1.5km but also at higher altitudes, mixed with biomass-burning aerosol. Fresh biomass-burning aerosols were observed, south of Niamey In Mie calculations, the fresh biomass-burning aerosol had an extinction coefficient of 3.7 m −2 g −1 . The aged biomass-burning aerosol had a slightly higher extinction coefficient of 5.1 m −2 g −1 , due to growth of particle size. The asymmetry parameter also increased from 0.49 to 0.59 due to particle growth. These results suggest that it may be necessary to distinguish between fresh and aged biomass-burning properties in models assessing the radiative forcing of biomass-burning aerosol.
These measurements will be useful for model assessments of aerosol radiative forcing over West Africa, and for validation of remote sensing techniques. However, the aircraft single scattering albedo estimates need to be compared with independent in-situ measurements, for example from AMAA SOP-0 ground sites. Table 2 : Observed and Mie-derived aerosol optical properties, including single scattering albedo (ω), extinction coefficient (k ext ), assymmetry parameter (g), and Angstrom exponent (Å).
